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INTRODUCTION
f

~,.
, Attempts to improve the thermal efficiency of Otto-
1. cycle engines through raising the compression ratio meet -,’

in the appearance of knocking - an as yet insurmountable’
obstacle. While in the past the knocking was ascribed
to the contact of metal parts, it is now generally con-
ceded to be a combustion phenomenon. Knocking is associ-
ated. with a, decrease in -power and high local combustion
pressures which are a potential source of damage to the
engine.

Research originally de~eloped two fundamentally diff-
erent theories of the combustion of knocking engines.
One theory believes that the residual cha,rge, almost adi-
abatically compressed IJy the <irst Combustion, reaches
such hi.g’htemperature that autoignition takes place. This
cause of origin of knockin.q is termed ltpressure ignition.l~
A second theory assumes that the favorable combustion con-
ditions can create a detonation wave in the residual charge
which passes through it With its characteristic speed of
around 2,000 meters per second and,
der wall,

on hitting the cylin-
causes the knocki-ng noises.

H’ISTORICAL DISCUSSION

~ The earliest experiments on engine knock were restrict+
$ ed to measurements of knock intensity. Thus Midgley andt

Boyd (reference 1) employed. S, so-called Il%ouncing pin!! to>
measure the time interval during which ‘q certain maximum
pressure in the cylinder is exceeded as criterion for the

$>. knock intensity. It is to Xidgley’s speciall credit to have
discovered the knock inhibitors WIIj.Ch even to?.tiyremain’”an
indispensable auxiliary in high-speed engines.
——-— _______ _____ . -------- .. _____________

*llDas Klopfen im Oito-Motor.ll Luftfahrtforschunq, vol. 16,
no. 2, February 20, 1939, pp. 74-83,

..
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Ricardo (reference 2) carried out elaborate studies on
his engine with variable compression ratio and determined
the compression ratio at which the most dissimilar kinds of
fuels still assured normal combustion. Systematic studies
of combustion-chamber forms disclosed t~at long and divided
cham’oers have a special tendency to knocking, while the
pent-roof contour proved the most propitious.

That the ‘results obtaified on a knocking engine did not
lend themselves summarily to generalization, is indicated
by Durnanoisf experiments (refc?rence 3). Durnanois was able
to raise the comp~ession ratio in his test engine from 4.6
to 6.7 before knocking took :?lace, after replacing the
standard. piston %y n stepped piston. His explanation is
that the explosion wave, which he considers the cause of
knocking, is either prevented ly the sudden pressure drop
or destroyed at its presence.

Wheeler, Lovell, Coleman, and lloyd (reference 4) took
samples at various crank angles during the combustion for
analysis as to the content of water vapor, car%on dioxide,
carbon monoxide, hydrogen, and oxygen. They found a con-
sistently increasing content of combustion &ases in the
samples at crank angles above 40°. These findings are Sn
contradiction of the assumption of a flame starting at the
point of ignition and shooting through the combustion cham-
%er.

A number of studies concerned the type of combustion
in ‘oombs. The earliest experiments are those by Mallard
and Le Chatelier (reference 5), and subsequently supple-
mented by Dixonls classic experiments (reference 6) with
iqproved equipment. They ori~inally proved by direct pho-
tographs the explosion wave ?Yit.hall its typical character-
istics. In connection herewith the work of N~.gel (refer-
ence 7) on the rate of ignition of explosible gas mixtures,
the experiments by Kl~sener (reference 8) on the effect of
turbulence on the rate of combustion, and the work of
Dumanois and Lafitte (reference 9) regarding the effect of
pressure on the entrance length of explosion waves, deserve
special mention.

Endrest theoretical stucly of the combustion cycle (ref- .
erence 10) is a further contribution to the pro%lem of knock-
ing; he found a relation %etween comlmstion-chamber form
and knock tendency.

Callendar (reference 11) is of the opinion that the
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compression and heating ,-associated wi,th .it might cause a
c.hemic.al,ohange”and a’ sudden” deqomposit.ion of the charge,
through which .kn”ocking ‘is ‘caused: - ~~~~~ . ..,,.

Auer?s experiments (reference 12) were particularly
valuable. He studied the intensity and the moment o.f kno~k-
ing, u“sing the forces of acceleration imparted by the “gas
pressure on a spring-loaded piston ”in”the cylinder headas
criterion of the intensity. The relation of the measured
quantities with the r.p.m. , the compression ratio, tempera-
ture of inducted air, moment of ignition start,, and air-
fuel ratio, is shown. The maximum knock intensity occurs
at that air-fuel ratio which qipes the minimum time between
the ignition and the shock. Hence the closer the shock oc-
curs at dead center, the greater i’s its intensity. ”A change
in compression i“atio has the greatest effect on the knock
intensity.

Richter (reference 13) has collected the scattered
data on knocking into a comprehensive report? while Lindner
(reference 14) gives a comprehensive compilatio~ of data on
the ignition and combustion in gas mixtures, along with a
brief discussion of the most important research work.

But in spite of this wealth of data, it afforded no
clue to the nature of the knock; none of the works could
decide whether the explosion wave or the pressure ignition
caused the knocking.

Deeper insight was finally afforded through Schnauf-
ferls study of flame propagation in the knocking engine
(reference 15). His findings. mere briefly as follows:
In the nonknocking enqine the flame passes through the com-
bustion chamber at about constant speed. (See reference
16, also.) At detonation, the last part of the mixture is
simultaneously ignited, causing ]~igh ].ocal temperature and
pressuro rises, whereas for normal combustion, a pressure
balance always exists as a result of the lower combustion
rate . The violence of the knock depends on the amount of
simultaneously ignited residual charge. Knocking is asso-
ciated with a rise in ionization and a decrease in t?ne
late-burning period. If the comlmstihle mixture, ignited
simultaneously-is very great, the heat expansion of the
burning mixture cause~ i negative flame speed. If the en-
gine has detonated for some time, such negative flame
speeds are also observable; they are caused %Y thti ignition
of the combustible charge at the hot part,s of the engine.

. There are four types of knock which are distinguished ~Y the
pressure changes that occur.,

L-,,
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In a l“ater report (reference 1’7), Schnauffer increased
the number of test tubes to 24 and recordod the ionization
current through illumination of 24 glow lamps with a spe-
cially designed short-period recorder. The direction and
speed of flame motion under normal engine operation was as-
certained under the most diverse test conditions. These
tests disclosed very plainly the effect of the hot exhaust
valve , the spark-plug arrangement, and the load changes on
the form and speed of flame movement. While in normal oper-
ation the speed of the flame front remained nearly constaht
over the entire combustion chamber, the residual charge dis-
closed a speed of from 265 to 300 meters per second by
knocking operation. Tho order of magnitude of this speed
manifested that no detonation wave was present as comlnzs-
tion form.

The United States also has done extensive detonation
research for years, which has culminated in a report hy
ITithrow and Rassweiler (reference 18). These research
workers covered the whole com”mstion chamber of an Otto
engine with a quartz window, and took high-speed motion
pictures at 5,000 frames per second. Thus , while the ear-
lier results regarding form and speed of flame front could
he confirmed, they disclosed in the detonating end gas new-
ly developed ignition centers independent of the old flame
front . From these centers the iqnition spreads nonuniform-
ly a,nd with marked change in form and magnitude over the
unburned part of the charge.

Contemporarily , Sokolik and Voinov (reference 19) also
proved the explosion wave in the detonatin~ engine by direct
photography. They employed the Mallard-Chatelier method -
i.e., starting at the spark plug in the cylinder head, they
fitted a small quartz window across the whole comlmstion
chamber through tvhich they took the flame pictures. The
combustion rate in the residual charge recorded at 2,000
meters per second, agrees with the detonation velocity of
an air-fuel ratio theoretically computable by Jouguet IS
method (reference 20).

A number of investigations deal with the pressure in
the combustion chamber. Since the combustion speed in the
residual charge is, in any event, extrer.ely high and a pres-
sure equalization can %e no more than partially complete
within this short period, a zone of high pressure - origi-
nally pointed out ly Schnauffer (reference 15) - is built
Up ‘which then flows off in the form of a shock wave and is
reflected repeatedly On the walls at consistently lower am-
plitudes. The resulting stationary waves in the combus-
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$ tion chamber have been proved piezometrically by Bogrlage,
~% Breeze , van Driel,,

I

I~
and Peleti.er. (reference 21). In very

long test bom3s, gas vibrationk”’’occur’a’lso ,at normal ..com-..
lmstion;!r.

i

this noise is not to be confus~d with the dis-
., tinctly different hard, clear note of the detonation noise

,$
in the knocki’ng engine or detonating gas mixture.

/
it,:: The decrease in power and the rise in cooling-water
‘/ temperature then are the result of increased heat transfer
;
i: to the wall because of the high flow velocities of the hot
;! combustion gases due to the gscilla,tion relative to the

wall and the higher pressure e.t the vi%ration peaks.

The literature itself affords no uniform concept of
the nature of knock, nor of the combustion rate in the det-
onating residual charge. So in view of the importance at-
taching to the safe kno~ledqe of the type Or combustion for
the whole engine design, an attenpt was made to make a new
contribution to this problem with the most modern pressure” -
recording equipment and by a different method. This method
is the nom almost perfect piezoelectric pressure-recording
method in conjunction with a novel application of the ion-
ization method for recording combustion in the detonating
gas portion. The potential use of the ionization method
for recording temperatures in the combustion chamber had
previously been pointed out by Schnauffer (reference 16).

Strictly speaking, the conclusions drawn from the pres-
ent study apply only to the exnlored engine; for very dis-
similar engine-design types, other results might be obtained.

ORIGINAL TESTS

a) Test method.-_—___________ In order to be able to differentiate
between pressure ignition and detonation wave at com?)us-

) tion in the detonating engine, the quantities especially
) typical for these two types of combustion must be recorded.

For a detonation wave (= discontinuity wave at the
front of which combustion takes place), the combustion of-
curs in an extremely small flame front, whose thickness is3,
about equal’ to the free path length of the molecules. (ref-
erences .20, 22). The speed of this flame front is a quan-
tity peculiar for each gas mixture, almost independent of
the test conditions. The pressure wave initiates the ig-
nition. The temperature in the flame front is slightly
higher than in the loss-free isochoric combustion. When
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the detonation wave has reached a volume particle, the com-
bustion in it will be terminated. within an almost infinite-
ly short time; i.e. , temperature change is abrupt. During
reflection of a pressure wave on a rigid wall, its kinetic
energy changes temporarily to pressure, which numerically
is equal to twice the wave momentum (reference 23) .

For the stoichiometrical benzol-oxygen mixture, a det-
onation speed of 2,440 meters per second, a pressure in-
crement in the wave equal to 43 times the initial pressure,
a flame-front temperature of 6,295° C. , and a pressure
equal to 160 times the initial nressure during the reflec-
tion, was computed.

In pressure iqnition the mixture must be brou~ht, ‘by
a compression without substantial heat removal, to a tem-
perature higher than the autoignition temperature, so that
spontaneous ignition takes place (after (a short period. BY
autoignition temperature is ineant the temperature limit at
whi ch, under the present test conditions, the released heat
volume ~f the chemical reaction already taking place at
these low temperatures, is exactly as great as the heat
losses. Mathematically, the autoig~itioil temperature is
the temperature li~iiitfor infinitely great ignition lag;
for upon comyleted compi-ession, a finite time lapse (igni-
tion la?) passes ‘oefore ignition starts. The ignition lag
is dependent upon the ter,perature rise over the autoi,$ni-
tion: temperature. In a volume element the temperature
rises steadily up to its maximum because the speed of re-
action rises steadily with increasing temperature, and the
heat volumes released ly chemical reaction, are at first
small.

Three particularly appropriate characteristics. were
included for comparison. Normal combustion in the bomb is
compared with the normal operation in the engine, and deto-
nation in t-he bomb wit-h the engine knock. It should fol-
low that:

1. ‘The pressure ne,asurement will indicate a directed
pressure w,ave only during detonation.

2. Durii~g deto~latioil the electric-ionization current
in the test gluq (as furlction of fihe reaction
process) reaches its maximum value by incre-
ments.
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,3. The flame velocity,,,,differs. during. detonation in
-. ....- ..o.r.d.e.r.s,..o.f:.m.agn.i,tud e,fr.o.mno rmal burning and is

immeasurable in ,pressu~e “ignj.*i”o’nC”--

b) Experimental arra~miment. - The test bomb consisted——---- .--.-—-———___>-— —_-
of a seamless. steel tube (fig. 1) 1 meter long, 2-inch in-
side diameter sealed.’with two .blin& flanges threaded to re-
ceive , respectively, ..the q~~rtz,.cha.mber.sand the ,io’nization
test plug.. To assure a homogene,oti~ air-fuel mixture, the
Corn%ustion air was saturated in a saturation .tank (fig. 1)
with fuel at higher Pressure and constant temperature (fig.
1) and then throttled. This method proved very practical
and afforded at any time, reproducible and. very uniform
mixture ratios %y chanqing the pressure and temperature in
the saturation apparatus. !?he mixture com:~osition was
checked by exhaust-gas analysis.

Tor the,preasure measurement, a BMW-VI airplane-engine
cylinder on a single-cylinder test stand was availa-Dle
(n = 1,800 r.p.m., N = 50 hp.; c = 1:3 to 1:8). A piezo-
electric engine indicator with a two-way oscillograph and
two built-in ampo.ifier~ recorded the pressure. The time
constant of the initial circuit for the e?np~oyed test range
amounted to more than 1 m-inute. The recording was made on
a drum camera with a 1:2 lens. One quartz pick-up unit
was of special design with an unusually high natural fre-
quency; the light-aetal diaphragm had a free diameter of
25 millimeters. It was put to within 4 inillimetcrs of the
combustion chamber. It was completely free in front (fig.
1). l?he two piezo-quartz pieces were of 20-millimeter
diameter, and as flat as possible. The natural frequency.
of this unit was so high as to preclude ‘excitation. t.o peri-
odic oscillation Iy striking with a hammer, since the ham-
mer rctur.nod aperiodically to “iieroposition with the iiia-
phragm,

:. ,.

C)pressure measurement in the bomb.- After verifying._______——— __
thb proper working of the equipment, pressure-time ‘records
were taken at both ends of the ~om~ with hydrogen-acetylene
and fuel-air mixtures at normal combustion’, the mixture ‘
composition and the charging pressure beinfl varied’. ;Igni-
tion took place on top; the timing is” indicated.on, the rec-

--or&~ with Z. Ftgure2 illustrates the pres~ure-tirne rec-
ord of a normally burning hydroqen-air mixturo ‘as taken
simultaneously at the two test points. The pressure curve
at the upper test point (next the spark plug) discloses,
shortly after completed ”ignition , a steady”and slovv.pressure
rise. Even during’ this time inte,rv~,la very. potent pres”-
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sure’ wave already reaches the lower,test point, where it
is reflected back and rushes through the pipe toward the -
flame. For very rich mixtures and at low charging pres-’
sures, this pressure disturbance-has as yet no steep front
and so passes through the pipe with a velocity which’ approx-
imates that of sound. It sped ahead of the much slower
flame front. With the flame, i.t builds up a new pressure
wave which already is much steeper and, together with the
flame , reaches the end of the pipe (M in fig. 2). An ion-
ization-current measurement at the end of the pipe confirmed
this coincidence.

The second nressu,re change is already so steep that
the upper piezoeiectric chamber (normal engine cham%er) is
excited to natural oscillations (atiout 20,000 Hz). At hiqh-
er charging pressures or with leaner mixtures, these inter-
ferencc waves become more and more pronounced, and the
pressure-time records assume a form shown in fiqure 3.

/

Since disturbances with great pressure jumps propagate
substantially faster than at sonic velocity (reference 23),—----—-.-,--1.,.”:-,,---.-.,.,

1that with the flame will soon outciistance all preceazng
smaller ?Listur%ances. The pressure jump has then lecome
so great that the conditions for release of a detonation
wave are at hand. The record of a. detonating hydrogen-air
mixture is then as in figure 4, where the lower test point
lefore arrival of the detonation wave fails to disclose
the least sign of pressure disturbance. From the mean com-
bustion period, compared with figure 2, it is apparent that
the detonation wave must ha~e been created at half distance.
It also is seen that, up to the first return on the lower
test point corresponding to the greater rate of propaga-
tion, a shorter time period passes. The measured pressure
jump amounts to 270 atmospheres for an initial charging
pressure of 8 atmospheres. Even though this result is
quantitatively too low, inasmuch as with such rapid pressure
changes, even the piezoelectric indicator itself fails in

its low inertia, the obtained cards are nevertheless valua-
ble qualitatively. Perhaps the theoretically computed pres-
sure does not actually occur, since at such high-pressure
changes the quartz chamber is no longer rigid enough to
satisfy the assumptions made for the pressure prediction.
Whereas normal combustion WaS accompanied %y a dull hum,
detonation manifested itself ly a clear, hard %1ow; hence
the suspicion that these noises are i~lentical with the en-
gine knock. 9

Another fact worth noting is that, during these %omb
tests the standard spark plug fitted at the lower end of
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~ the pipe for purposes of temporary closure of a second hole,
1, ‘

\

,.. failed to ,withstand $~,p”stress and consistently blew out
\j~‘!; the insulating body from the casing. ““Bu%”,Since, “o~l-’t~~””
;!’ other hand, the charging pressq,re in the “oomb tests is con-
/\~ parable with the terminal compression pressure in the en-

‘i
,gine, the destruction of the spark plugs alone might raise
justifiable objections as${ to whether the detonation is

f synonymous with the knock. ‘For purpos6s of studying the
effect of com”ou~tion-cham%er [l~sign on the formation of
detonation wav,es, Wentzells spherical,bomb with central
ignition (reference 24) was used to burn hydrogen-air mix=
tures at different charging pressures, It was impossible
to reach detonation even at higher pressure’s than in the
test pipe - a fact which is in accord with Jouquet ‘s theo-
retical studies (reference 20),’ wherein it is proved that
the detonation wave is bound tO a flat flame front. AS;:
easy as it is to produce detonation in the test pipe with

, all oxygen mixtures, it was
tures .

just as hard with gas-air mix-
With hydrozen . it reauired charging pressures of

over 5 atmospheres; or less if a screen-wns fitted at half
pipe length. It was ori~in.a_ll.y_be.~i~ved._.thatt&2.s-would—.— -—.—.-.—....——.- ......—-
act as an effective ....damper.o.f..the,.vi-orations in the. pipe-..—-—...,,.
~nd -so, according to Nielsen (reference 25) , reduce the
combustion rate substantially. Bqt yhy - through this
damping - the release ~f. t.h.e_.det.on.~tio,nwave was enhanced,
>,~gks, for the time being, every yot”ential conception.
The screen, originally of mire mesh, was subsequently re-
placed “oy a steel plate \Vith 4-millimeter holes. It tvas
only usable for one test because it was knocked through in
flame-advance direction; screens over 2.5 millimeters thick
were not destroyed, but even they were considera”oly buck-
led. The sense of the destruction seemed to indicate that
the detonation Wave originated below the screen and caused
the ‘destruction after completed reflection at the lower end
of the pipe. The detonation records for all employed mix-

J,
!) tures are qualitatiay identical. This included tests

with detonating gas, acetylene,
~~ benzol-oxygen, and hydrogen-

air mixtures.
\t,

1’ d) Pressure measurement on the engine.- The same quartz
!> chamber and the same oscil~ograph were next used for the
I pressure measurements on the BMW-VI airplane engine under
A’ widely varying r.p.m. charge, fuel, and compression ratio.

The records made at violent knock indicate a maximum pres-
sure of only about tmice the normal combustion pressure
(fig. 5).

Although these t“e~ts were made with the diaphragm almost



.

10 I?.A, C.A. Technical Memorandum No, 911

at the combustion chamber and. so, almost in the continua-
tion of the cylinder wall, these measurements are still,
open to the objection that the diaphragm was never paral-
lel to the flame front of a possibly produced detonation
wave , thus making it possi%le to measure the existing max-
im.m pressure which, accordii~.g to theory and %omb studies,
should exceed the recorded double value very substantially.
Changing the position of the spark plug, of the r.p.m., the
mixture composition, the compression ratio, etc., them-
selves, yielded no different results, although it might
have been proba%le that by one of these acts the wave front
did assume the correct position relative to the quartz
char,ber. But the uncertainty still afflicting this test
method prompted further measurements in the interest of
elucidation of the posed problem.

e) Ionization current change and flame s~gg~.- These-———.._—_______ ___________________.__—_——---
enqine tests I.verecarried out o-n ~ single-cylinder Baumann
engine (fig. 6: n = 300 r.p.m., N = 8 hp., E = 1:6;
bore = 165 mm, stroke = 180 rim) whi ch , because of its
adaptability for mountimq the test plug, was particularly
suitable for the purpose. It is the same engine used by
Auer (reference 12) for his knock experiments.

1. Test circuit

The arrival of the flame front at the test point was
recorded by ionization method (Kuchtner, Schnauffer, refer-
ences 26, 15), the ionization current being recorded by
cathode-ray oscilloqraph and camera. The test plug itself
(figs. 1 and 6) consisted of three electrodes with insu-
lating bodies (3 mm sintercorund shell), extending 7 to 8

‘ millimeters into the combustion chamber; the test length
was 5 millimeters. The temperature of these electrodes
was so high as to burn off the soot on the insulating
shell. To check the effect of the hot test plug On the
test procedure, one electrode with the same outside dimen-
sions was fitted with a constantan- wire, the other with a
copper wire. Then the wires were bent together and hard-
soldered. The highest temperature of the electrodes was
measured with this thermocouple and compared with Schnauf-
ferls record obtained for a special plus in the engine
(reference 27). It was found that at normal operation the
temperature in relation to load and excess air, ranged be-
tween 330° and 420° C. , and first rose to beyond 1,000° C.
after detonating operation CIf more than one minute. In
spite of that, nothing unusual was observed on the running
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of the’ engine durinq the last test.. Hence, it is safe
enough to ass,e~t that in normal engine operation, the
danger of tist plug affecting the “corn%u&tiOri”i&”n’onexist-
ing aS its temperature remained much beloti 800° C, This
temperature difference is ““really even greater since the
employed millivolt meter indicates only “the mean value
over a period, and the test plug has its minimum tempera-
ture near the instant of ignition.

The voltage of the test Iengti was 140 V, the resist-
ance in the voltag”e input, 1 M Q (0.1 M Q in the %oml
detonation tests) (fig. 7). The oscillograph deflections
are therefore proportional to the ionization current. The
maximum current is 140 (1,400) ~. For a deflection re-
sponse of the cathode-ray oscillo+graph of 0.17 mm/V (AEGV
two-ray tube with after acceleration), it yields a test
circuit response of 0.17 mm/~A ionization current. In a
contemporary research rePort (reference 28) on a two-stroke
Diesel engine, even the use of a voltage amplification of
200 failed to disclose any effect of the terminal compres-
sion temperature (about 600° C.). The sensitivity of this
test arrangement WaS 30 mm deflection/@. These experi-
ments lead one to conclude that only the strong ionizing
effect of the flame, or else the free ions during a chem-
ical process, are in a position to carry perceptible cur-
rents into such a test circuit and so cause a visible de-
flection.

2. The Time Circuit

The highest permissible film speed with respect to
photographic recording was a%out 8 meters per second if
superposed by a rapidly cha--qin.gprocess. This film
speed, ,howe+er, was insufficient for ionization-current
measurements ‘and made ord”inary photographing necessary.
The moving film lVas therefore replaced by a photographic
plate , the points on the light screen being perpendicularly
deflected to the te’st deflection I?ith respect. to time.
This was accomplished ‘oy connecting the deflection plates
for the time deflection’on the oscillograp’n to a condenser
charqed’”over a resista~.ce from a constant voltage source.
The voltage on this’ condenser rises ~Vith time according to
an exponential fu~ction, and so deflects the.points on the
light screen accordingly. The advantage over high film
speed is that then a photographic record of 500 meters per
second is possible,( the AEG quotes 10 km/s for a lens 1:1),
since the luminous su~stance of the fluorescent screen re-
mains’ photographically active ab~ut 1/5 second afterward;



12 N.A. C.A. ‘Technical Memorandum No. 911

that is; after completion of the actual test procedure.
The deflection plates of tb,e time circuit (fig. 7) are
hooked up to a condenser C loaded over resistance R
under tensile strain. The velocity of the point drops
linearly with the path, so the time scale becomes loga-
rithmic. The time interval between two settings of the
point on the screen (or on the photograph) is RC(ln U~-

ln u~) in seconds, if U1 ,and U2 are the deflection

voltages coordinated to the settings, and RC is the time
constant of th’+ time circuit. The condenser is kept dis-
charged hy a llhyratron (grid-controlled vacuum tube) if its
grid with the cathode has the same potential. The stabil-
izer at first is not ignited. On this stabilizer is im-
pressed, across a resistance l?, a voltage approximating
the ignition voltage. The glow surfaces alsor% their par-
tial voltages even before any measurable current is passed
through the stabilizer. As soon as this notential distri-
bution is then disturbed, the ignition vo~tage is exceeded
at one of these surfaces and the i,gnition of the whole sta--
bilizer initiated. This disturbance may, for instance, be
induced by grounding one of these glow surfaces (across a
protective resistance) or, with capacity couPlin+3, ~Y a
change in voltage at the coupling condenser. In the pres-
ent experiments, one of the surfaces was galvanically
joined to the first electrode of the test plug (release
electrode). If the advancing flame then strikes the elec-
trode the ground across the f].ame of the stabilizer is ig-
nited and the Thyratron cut off through the voltage drop
at the resistance ‘~’ in the cathode lin~; so that the
charging of condenser C can begin. Thus , with proper
magnitude of R and C, recording speeds ranging from a
few centimeters per second to several kilometers per see-
ond can. be obtained. The process of ignition and hence
the deflection repeats itself only when the switch S is
briefly opened.. The contact resistance across this switch
is intended to assllre that the glow surfaces have absor%ed
their proper voltage before closing - while the resistance
is chosen great enough to extinguj.sh the stabilizer. This
hook-up not only assures a unique time deflection lut also
a release o“f the time circuit ~~ith a fel? volts and with cur-
rents of the order of magnitude of’ ~.ti; a power input
considera,lly lower than by inf].uencing the grid on the Thy-
ratron direct. A very exact time rtilease was necessary
because the.time available for measuring with a point ve-
locity of 200 meters per second and a light screen diameter
of 5 centimete.r&_Qe only 1/4000 second.

W-’-
On._that account,

the release
—..-.”....

the flame i%self

**

~ad to be count-r~-~~
since its arri at the test length in the er~’fi or in the ,
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i horn% coul~ not be predicted with such accuracy, nor did it
\-,,. .—.remain constant from one test, to the next.
I ,-,,.-..=.,,. ...—... . ...—-....,,.
/:

/ 3. Normal Combustion in Bomb and in Engine,,.

With the foregoing arrangement the ionization-current
change was recorded for bomb combustion of hydrogen-, acet-
ylene-, gasoline-, and benzol-air mixtures (fig. 8). The
two deflections in figure 8 indicate the current distribu-
tion of the two test plugs. The diagrams were similar for
the employed gas mixtures and, with test length known, per-
mitted the determination of the flame speed. It also dis-
closes the change in ionization current and its maximum
amount of change. The same fuels gave in engine operation
at normal combustion, a current distribution as indicated
in figure 9. This test seri,e.swas made with the same time
scale as the corresponding born-otests. The flame speeds
obtained therefrom in the engine were scattered from 3 to
20 meters per second, and weretidependent upon the load and
the excess of air. The wide sc~tterin.g (of more than 100
percent) was to le expected ;Titll the shortness of the test
length (5 mm), since any averaging is lacking and even a
directional change in flame front is followed by an appar-
ent rise in speed. At lower load or qreat excess of air,
the scatter was even more pronounced, since the turbulence
in conjunction with the lower flame speed causes a partial
release of the flame front.

The ionization-current change, on the other hand,
showed no difference. The slow current rise, like a S1OW
temperature rise, agrees with the concept that during com-
bustion the activation energy from layer to layer is larqe-
ly transmitted by heat conduction and, on reaching the
autoignition temperature in this layer, a continuously
faster chemical reaction be.~ins. This concept of the com-
bustion process was taken from Nusseltts report titled:
I!The Ignition Velocity of Combustible Gas Mixtures’f (ref-
erence 29), and finds confirmation through this measure-
ment .

I

4. Detonation in the Bomb
m

The attempt to produce detonation in the born% with
gasoline- or ‘ienzol-air mixtures was unsuccessful. This
series of tests therefore had to be made with fuel,-oxygen
mixtures after estahlishin.g that perfect agreement exist-
ed between the obtained diagrams for hydrogen in air- and
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oxygen mixtures during the pressure and the ionization-
current measurement , as well as of the “detonating gas mixt-
ures . E= audition disclosed no difference in the type
of noises. One such ionization current for a detonating
benzol-Qxygen mixture is recorded in figure 10. Although
the recording speed was raised %y a multiple, the current
change consistently indicates a sharp break. Trom consid-
erations of quality of photographs, a diagram with around
50-meters-per-second initial recording speed is reproduced
as even a 400-meters-per-second initial speed, producing
no dissimilar current change. In figure 10 the upper learn
shows the start of the current after 25.7 millimeters.
Diagram 14 gives the coi-related voltage at 245 V; the volt-
age for the lower beam is 231 V. In figure 14, the deflec-
tion voltages were counted from the terminal voltage of the
charging condenser, so that the recorded voltage can be
used immediately in the calculation. The charging resist-
ance R = 1.83 M~ and the condenser C = 908 pF, hence
a time lapse of t = RC (ln ul - in U2) = 98 x 10–6 second.
A check on the reading is offered “oy the disturbance of the
upper on the lower ?)eam, visi}le as a small jag. The test
length in this test was 220 millimeters. The result there-
fore , is a detonation speed of 2,250 meters per second,
which agrees to within 8 percent of the computed value.
The sudden fS.ow of current also accords with theory, since
for an intensity of flame front of the order of 10-5 milli-
meters, and. a flame speed of 2,400 meters per second, the
time lapse between start of ignition and maximum tempera-
ture amounts to 4 x 10-12 seconds. The amount of ioniza-
tion. current is also particularly striking; the actual
flame temperature thus appears to come close to the theo-
retically computed.

5. Engine Knock

The ionization-current records on the detonating en-
gine were made in the same manner. To forestall the ef-
fect of incandescent electrodes in these tests, the engine .
was first warmed up in normal operation, then made to knock
a few engine cycles before recording, by changing the spark
setting. These records (fig, 11) indicate an entirely dif-
ferent current change from the corresponding bomb tests.
This slow current rise is the result of a slowly starting
reaction at the test point. The form of comlmstion presents
a radical departure from that of the detonation wave. Ac-
cording to theory and, as groved by the experiment, the
ionization current rises nonuniformly at detonation.
Whether the electric conductivity of the plane is attribu-
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table to thermo-ionization or whether the chemical reac-
- tion is accompanied -by the .creatioll.of free ..ions,,remains
. an open question. Thus , the type of the measured current

flow definitely precludes the existence of a detonation
wave in the engine.

The time interval for the current rise at a test
point ~?+$around 3 x 10-5 seconds, according to figure 11.
Figure 10 also indicates practically a short circuit of the
test length by the flame, for the detonation in the born%,
since the current became maximum. as against only 2/3 of the
maximum value in the detonating enqine; the flame has a
smaller’ conductivity, hence a lower temperature.. The last
two results I-ikemise speak aqainst the appearance of an
explosion wave in the engine.

The same current chal~ge was observed On the test elec-
trode 1 millimeter ~,~,layfrom the cylinder wall, as well as
during violent knocking on the more distant electrodes.
The test pluq itself WL~s mounted in the so-called Ilknock
zonell of the engine. An appraisal of these records, ac-
cording to f’lame speed., is almost impossible on account of
the slow start and the pronounced scatter. Records such
as figure 12 were frequently ~.ad.e,wherein the release of
the time deflection did not ~ecur until after response of
the test electrodes. The current also discloses fluctua-
tions attributable to t~.e gas vi-orations in the cylinder.
Figure 13 illustrates, at still further increased record-
ing speed and at lowered tensile stress, the total change
of the ionization current on the detonating engine. The
flame speed can still he a-oproxfmately computed from some,,.
of the records. The obtained. values range “oetween -1-20 ‘
meters per secondt infinite (= simultaneous ignition) and
- 20 meters per second. The approximate magnitude and
scattering of the speed are indicative of pressure igni-
tion, for at combustion in form of a flame front the test
electrodes would have to respond in succession. The ne,ga-
tive values point to newly created ignition centers.

Whether the compression of the residual charge and the
correlated heat is the sole cause of” ignition, or whether
still other phenomena contrilnzte,>0 is impossible to decide
from these few measurements.
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RESULTS AITD RECAPITULATION

Engine knock is, as is known, preceded bY normal 3urn-
ing of tb.e first part of the charge, and only the part
burned last (termed., for short IIresidual charge’!), knocks.

The aim of the present measurements was, first, to re-
examine the com”Dustion form in this residual charge, be-
cause of the absence of uniform and frequently contradic-
tory results in the very extensive literature on the sub-
ject. On top of that, an attempt was to be made to gain a
deeper insight into the mechanism accompanying the combus-
tion process, }y means of the electrical test equipment
perfected within recent years.

In the literature, the yoint is frequently made that
the residual charge ignites explosive-like - that is, at
once, in its totality - while other research workers indi-
cate merely the existence of a very high combustion speed.
Because the knock manifests itself as a hard, ringing blow,
it was natural to ascribe these noises to a detonation ~a~e
originating under the favoralle conditions of combustion
in the engine, although the short entrance length availa%le
speaks against it. Records were even published showing
the detonation wave actually in close agreement with the
theoretical value of the speed of propagation of 2 kilo-
meters per second. Earlier measurements %y the ionization
method refute these high figures, which never exceeded 300
meters per second. A more recent high-speed motion-picture
film showed that there is no such thing as flame front in
the knocking residual charge, lut rather the existence of
ignition centers from which the ignition spreads quickly
in all directions.

Since heretofore the detonation wave could not be
proved with assurance except in long chambers, the experi-
ments in the present measurements were first made in a Cyl-
indrical bomb (-pipe) and then repeated with the same equip-
ment on the engine. Three different measurements were made.
The pressure measurement alone afforded no definite conclu-
sions. the ~iezoelectric pressure-record-On top of that, _
ing method proved too sluggish in spite of far-reaching im-
provements for recording the pressure rise during detona-
tion. The measurement of the combustion speed merely
served as confirmation, since such measurements had already
been made many times. Hence, a different procedure was to
le followed, namely, the ionization method in conjunction
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with cathode-ray oscillograph? %ut “this time not for tim-
ing the moment of arrival of the flame front Wt’ for pre-
dicting the chemical and thermal changes in the charge
from the time rate of change of the ionization current.
Th~-s , of course, called for a substantially higher film
speed than employed up to now. Then, too, consideration
of photographic” recording compelled the use of photograph-
ic plates, which carried with it the difficulty of moving
the cathode ray only once and at the proper instant across
the light screen. A well-known hook-up somewhat modified,
removed this difficulty.

The measurements in the detonating’ engine disclosed,
first of all, a fundamentally different ch.adge of ioniza-
tion current from that of detonating-gas mixtures, from
which it is safe to s,a~ that no detonation wave occurs .i,,g
$_&wekno.,c.k,,ing,,en:g-im,e.....

-,..-,:...-.......-

On top of that, the type of current introduction
points toward a slowly starting chemical, ,and perhaps an
exothermic process, beginning after completed compression
in the rhole residual charge, and tending steadily toward
its maximum value. That the slow rise of,conductivity of
the charge cannot be ca~lsed by heat of compression, has
“ocen proved.

Since the temperature and the carburetion differ in
the combustion c]lamber ~Yith respect to time and place, the
nonent and the place of the first ignition are subject to
cb.an~e, It results in ignition centers fron which the ig-
nition spreads in all directions. Through such ignition
centers the o%served negative flame speeds and their pro-
nounced scatter can be readily explained. An almost closed
flame front, such as exists in the normal comlmstiom, is
therefore nonexistent in the knocking residual charge.

TO the extent that these measurements themselves per-
mit of any conclusion, autoi,gnition of the charge residue
takes place in the knocking engine because its ignitioa is
only in indirect relationship with the ignition initiated
by the spark plug or the preceding flame front. Since the
pressure rise am.d the heat connected with it ultimately
cause the ignition, the pressure ignition is, as special
form of autofgnition$ the cause of the knock. It is, of
course, conceivable that other than the pressure electric
phenomena, heat radiation, or other still unknmvn factors
might act on the speed of chemical transformation. The
effect of antiknocks, particularly, might be exylained as
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retarding the first start or. loweriqq the rate of chemical
reaction at first, find so giving the flanc front a chance
to sm~ed through the residual char.qe before this is ig-..
nited by pressure ignition.

Since the total residual charge is ready to ignite
by the time the first ignition centers occur, the ignition
spreads uncommonly fnst, creatin$ (a zone of high pressure
which moves toward the s]park plug nnd even up to the point
where the combustion h,ad been delayed as ,a result of cool-
ing. As such a pressure disturbance is reinforced in its
front during its advance, it might be th,at this causes the
knocking noises on ,arrival at a rigid w~all; similarly as
the present measurements indicate it for the detonation
wave . This wave also dies out at the corn?mstion-chnmber
walls after repeated reflection. Then the power decrease
is the result of the increased heat transfer ~il the mall,
caused by the motion of tb.e gas mass, the temporr.rily in-
creased pressure at the reflection of the gas vibrations,
and the turbulence connected with in.

Trailslation by J. Vanier,
National Advisory Conmittee
for Aeroi~autics.
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mixture in the bomb: Dc~rge =1 atm.

Ti”&;I
Figure 3.. Time pressure record of normally burnt hydrogen-air mixture

in the bomb at charging pressure pl=3 atm.: taken at lower
test point. _._—.”~—,. ______

- Max pressuie’

Figure 5.- Pressure-time record of
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,,......
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detonating engine.
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Figure 8.- Normal combustion in
the bomb.

Figure 10.- Detonation in the bomb

,’::$,’,..,;: ‘.
,,”. ,, @Fi’ ,. T+YW,

Figure 9.- Normal combustion in
the engine.

Figure 11.- Knock in tne engine.

Figure 12.- Knock in the engine. Figure ?3,- Knock in the engine.
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